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Large G protein α subunits and their attendant regu-
lators of G-protein signaling (RGS) proteins control
both intercellular signaling and asymmetric cell divi-
sions by distinct pathways. The classical pathway,
found throughout higher eukaryotic organisms,
mediates intercellular communication via hormone
binding to G-protein-coupled receptors (GPCRs).
Recent studies have led to the discovery of GPCR-
independent activation of Gα subunits by the guanine
nucleotide exchange factor RIC-8 in both asymmet-
ric cell division and synaptic vesicle priming in meta-
zoan organisms. Protein–protein interactions and
protein function in each pathway are driven through
the cycle of GTP binding and hydrolysis by the Gα
subunit. This review builds a conceptual framework
for understanding RIC-8-mediated pathways by com-
parison with the mechanism of classical G-protein
activation and inhibition in GPCR signaling.
Introduction
Animals produce functionally distinct daughter cells
via asymmetric cell division during embryogenesis. In
subsequent stages of the life cycle, intercellular com-
munication between distinct cell types regulates spe-
cialized functions within the organism. Several recent
papers have identified specific classes of large G
protein α subunits and regulators of G-protein signal-
ing (RGS) proteins as critical components of asym-
metric cell division and intercellular communication.
Classical signaling via heterotrimeric Gαβγ proteins is
evoked by agonist-mediated stimulation of mem-
brane-spanning G-protein-coupled receptors (GPCRs)
[1]. It has now become clear that Gα subunits can be
activated independently of GPCRs (and also probably
of Gβγ subunits) by the intracellular protein RIC-8 (also
known as synembryn) during asymmetric cell division
and synaptic vesicle priming (Figure 1) [2–4].
RIC-8 and GPCRs, although unrelated by amino
acid sequence, are both guanine nucleotide exchange
factors (GEFs) for Gα subunits, and thereby activate G
proteins [1,5]. RIC-8 was first identified in screens of
Caenorhabditis elegans mutants that were resistant to
inhibitors of cholinesterase and defective in synaptic
vesicle priming [6]. Subsequently, RIC-8 was found to
promote asymmetric cell division and regulate centro-
somal movements in the zygote [2,7]. In this review,
we compare the regulation of Gα proteins in GPCR
and RIC-8 signaling pathways, and discuss their roles
in two important aspects of metazoan life — intercel-
lular signaling and asymmetric cell division.
Phylogenetic analysis of the different components
of G-protein signaling pathways provides insight into
the evolution of these distinct processes. The genes
encoding the GPCRs, Gαβγ subunits, and RGS pro-
teins are found within higher eukaryotic organisms
(animals, plants and fungi), and also in Dictyostelium
and Entamoeba (Figure 2A), where they regulate inter-
cellular signaling and nutrient sensing. By contrast,
divergent orthologs of RIC-8 are only found in animals
and some fungi (Figure 2A), suggesting that RIC-8-
mediated pathways appeared after GPCR signaling
during eukaryotic evolution.
Animals express four classes of Gα subunit genes,
termed Gi, Gq, Gs, and G12 [8], which likely evolved
from a Gi-like ancestor in early metazoans. While Gα
subunits in all four classes are activated by GPCRs,
only Gi, Gq, and Gs are reported to be activated by
RIC-8 [2,3,5] and only Gi and Gq are inhibited by RGS
proteins [9] (Figure 2B). It appears that Gi-like ances-
tors and RGS proteins both retained the ability to
regulate GPCR-dependent signaling and acquired
RIC-8-promoted asymmetric cell division [2,3,10–12].
During subsequent evolution of the animal nervous
system, RIC-8 was also co-opted to activate Gq and
Gs in two separate aspects of synaptic vesicle
priming (Figure 1B) [4,13]. Here, we will focus on the
role of RIC-8 in asymmetric cell division because it is
the most well-characterized pathway and therefore
provides a better comparison with GPCR signaling.
Temporal and spatial control of protein interactions
in these pathways may underlie why evolution
selected closely related Gα and RGS proteins to
regulate the diverse functions mediated by GPCRs
and RIC-8.
Heterotrimeric G-Protein Signaling
The classical function of large G proteins is to trans-
duce the activation of GPCRs by extracellular signals,
such as hormones, nutrients, odorants and light, to the
production of intracellular second messengers by
effector proteins [1,14]. A molecular switch controls the
timing of interactions critical for GPCR-dependent sig-
naling. The Gα subunit is at the core of the molecular
switch because signaling is tied to its GTP binding and
intrinsic GTPase activity. In classical GPCR-dependent
signaling, GαGTP turns signaling on and GαGDP turns
signaling off. The superfamily of large and small
GTPases, including Gα subunits, Ras-like proteins, and
elongation factor Tu, share this basic regulatory mech-
anism despite divergent activators and inhibitors [15].
This conservation of mechanism justifies a side-by-side
comparison between RIC-8 and GPCR signaling to
help identify when Gα and its various binding proteins
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are active during the RIC-8-mediated cycle of GTP
binding and hydrolysis and how they might coordinate
the pulling forces necessary to move centrosomes
during asymmetric cell division.
A GPCR-dependent cycle of GαGTP binding and
hydrolysis is compared with a model of RIC-8-stimu-
lated Gα/RGS activity in asymmetric cell division
(Figure 3A,B). In GPCR signaling, the heterotrimeric
Gαβγ complex promotes receptor-driven activation of
signaling [1]. The Gβγ heterodimer functions as a
guanine nucleotide dissociation inhibitor (GDI) that
both maintains GαGDP in the inactive state without
hormone stimulation and facilitates receptor-depen-
dent activation of Gα upon hormone binding. The
GPCRs function as GEFs; agonist binding to GPCR
promotes nucleotide dissociation, which allows GTP
binding to the Gα subunit, and Gβγ release. The RGS
proteins function as GTPase-activating proteins
(GAPs) that accelerate GTP hydrolysis by Gα, promot-
ing reassociation of heterotrimeric GαGDPβγ, thereby
terminating signaling [9,16–19].
Signaling specificity is controlled first by ligand
binding to GPCRs and then by the particular G protein
that is activated. In animals, each of the four classes
of Gα proteins regulates distinct sets of effector pro-
teins and downstream second messengers. Briefly, Gs
proteins activate adenylyl cyclase to stimulate the
production of cAMP; Gq proteins activate phospho-
lipase Cβ (PLCβ) to produce diacylglycerol and inosi-
tol 1,4,5-trisphosphate (IP3), which facilitates the
controlled release of Ca2+ from intracellular stores
[20,21]; Gi proteins inhibit adenylyl cyclase, regulate
ion channels, and activate some isoforms of PLCβ via
release of Gβγ subunits; G12 proteins activate a small
family of Rho GEFs termed RhoGEF(rg)RGS proteins,
which control cell motility [22]. Recent studies suggest
that Gi-mediated control of centrosome movement
uses novel effector proteins and that this process is
activated by RIC-8 independently of direct GPCR sig-
naling (discussed in more detail below) [2,3,23].
Subunit dissociation is another important aspect of
GPCR-dependent signaling. A single hormone can
Review
R844
Figure 1. Gα and RGS proteins in GPCR
and RIC-8 pathways. 
C. elegans Gα proteins (yellow oval) and
RGS proteins (red oval) regulate RIC-8-
mediated asymmetric division of the
zygote and GPCR signaling and RIC-8-
mediated synaptic vesicle priming in
neurons. (A) RIC-8 in asymmetric cell divi-
sion. RIC-8, Gα, RGS-7, and other compo-
nents of G-protein machinery are
distributed throughout the C. elegans
zygote; they are drawn together at the
posterior end of the zygote to emphasize
that their genetic interactions promote
posterior displacement of the mitotic
spindle and asymmetric cell division. LIN-5
(and PAR-4/5) are uniformly distributed on
the cell cortex whereas GPR-1 and GPR-2
appear to concentrate at the posterior
cortex. PAR proteins with anterior or pos-
terior cortical localization are indicated
(blue and red semicircular lines); chromo-
somes are centrally located, flanked by
centrosomes (clusters of red dots); spindle
microtubules connect chromosomes and
centrosomes; astral microtubules (thin
lines, MT) have plus (+) ends at the cortex
and minus (–) ends at the centrosome.
Dynein/dynactin is modeled to be a micro-
tubule force generator stimulated by
RIC-8, but some components of the RIC-
8/G-protein machinery may also regulate
microtubule stability. (B) Hormone
response (GPCR) and release (RIC-8) in C.
elegans neurons controlling motility and
egg laying. Genetic studies show motility
and egg laying is stimulated by Gαq (EGL-
30), Gαs (GSA-1) and their downstream targets, promoting synaptic vesicle priming in a RIC-8-dependent manner [4]. The Gq-GAP EAT-
16 inhibits Gαq, and its activity is dependent on acetylcholine (ACh) binding to a Gαo (GOA-1)-coupled G-protein receptor (GAR-2)
[10–12,112,113]. It is not clear whether GOA-1 forms a heterotrimeric complex with classical Gβγ proteins (GPB-1 and GPC-1/2) and/or
if GOA-1 releases a heterodimer of GPB-2 bound to the Gγ-like (ggl) domain of the RGS protein EAT-16 in response to acetylcholine.
EGL-10 is a ggl-RGS protein (an EAT-16 paralog) that accelerates GTP hydrolysis on Gαo (GOA-1) and inhibits GOA-1 activity in a
Gαq(EGL-30)-dependent manner [10–12,112]. Mammalian Ric-8A and Ric-8B promote guanine nucleotide exchange on Gq and Gs α
subunits, respectively ([5,84,114,115]; G. Tall, personal communication). RIC-8 GEF activity has not been tested on a preformed het-
erotrimeric complex of GqGDP–EGL-10–GPB-2. PLCβ, UNC-13 (diacylglycerol-binding protein), ACY-1 (adenylyl cyclase), KIN-2 (protein
kinase A regulatory subunit) are effector proteins and downstream targets in the RIC-8-stimulated Gq and Gs pathways promoting
synaptic vesicle priming [4].
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stimulate bifurcating signaling events via GαGTP and
Gβγ. Signal specificity is determined by GPCR inter-
actions with a subset of G proteins, whose Gα and
Gβγ subunits regulate distinct effector proteins con-
trolling the production of second messengers such as
cAMP, IP3 and diacylglycerol, or Ca2+ [1,14,24,25]. The
separate signals evoked by GαGTP and Gβγ can then
feedback to regulate each other’s activity indirectly.
This type of regulatory control can be used to initiate
a response, assess its effect, and then reinitiate the
response after an appropriate delay. Regulation of the
release of Gα and its binding proteins underlies the
models of Gq-evoked Ca2+ signaling and Gi-mediated
centrosome movements described in this review.
Specificity of GPCR-mediated signaling is further
refined by the scaffolding and/or catalytic activities of
Rgs homology (RH) proteins (Figure 2B). RGS proteins
comprise the largest of the five diverse families of RH
proteins expressed in metazoans. All RH proteins
contain at least one structurally conserved RH domain
of 127 amino acids or more [26–32]. The RH domain of
mammalian RGS proteins conveys Gi-GAP activity in
GPCR and RIC-8 pathways [3,9,16], whereas Gq-GAP
activity has only been identified in GPCR signaling
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Figure 2. GPCR signaling evolved prior
to RIC-8. 
(A) Heterotrimeric Gαβγ proteins and
RGS proteins (red dots), and GPCRs
(green dots) are expressed in the
eukaryotic taxa indicated on the phylo-
genetic tree of life based on rRNA
sequence (adapted from [116]). GPCRs,
RGS and Gαβγ proteins are expressed
throughout the higher eukaryotes
(animals, fungi and plants), Dic-
tyostelium and Entamoeba. Tri-
chomonas vaginalis (class Tricomonada)
is the only lower eukaryote known to
express Gαβγ and RGS genes, and
might have been acquired by horizontal
gene transfer [117,118]. Heterotrimeric G
protein genes are currently not found in
the complete genome sequence of 218
eubacteria, 22 archaebacteria, and 3
protists (Trypanosoma cruzi, Leishmania
major, and Cyanidioschyzon merolae).
By contrast, genes encoding the Gα
guanine nucleotide exchange protein
RIC-8 (blue dots) are limited to metazoa
and fungi and may have evolved after
the GPCR signaling components. Unlike
metazoans and fungi, plants do not have
centrosomes, do not express RIC-8, and
position the nucleus during asymmetric
cell division by a different mechanism
[119]. (B) Evolutionary relationships of
Gα and Rgs homology (RH) protein
sequences represented by euclidian dis-
tance maps [120]. Sequences are repre-
sented by a three-dimensional scatter of
points, with the distances approximated
(1/identity fraction-1) from amino acid
alignments of 119 Gα and 127 Rgs
homology (RH) sequences found at
www8.utsouthwestern.edu/findfac/
research/wilkielab (along with a primary
sequence map of all domains in RH proteins). Sequence searches were conducted using PSI-BLAST against the non-redundant NCBI
database (Posted date: Jul 31, 2003; 1,479,768 sequences). Sequences from the complete genomes of human, nematode, fruit fly, Ara-
bidopsis and yeast were included in the alignment while orthologs in closely related species (i.e. human vs. other mammals) were
omitted to obtain a representative and diverse phylogenetic distribution. All detected protozoan sequences were included in the align-
ments. Metazoans, including human (circle), nematode (square), and fruit fly (triangle), express four classes of Gα proteins: Gi (red), Gq
(blue), G12 (cyan), and Gs (yellow) [8,14]; the Gi, Gq and Gs classes (circled and labeled) are substrates for GPCR and RIC-8 GEF activ-
ity. Gα genes described in this review are listed by class. Evolutionary rates of change appear slowest among metazoan Gi class α sub-
units [121]. In C. elegans, GOA-1 and GPA-16 are most closely related to the mammalian Gi class genes encoding Gαo and Gαi1,
respectively. The C. elegans genome includes 16 novel Gα sequences (WormExpanded; white squares, including GPA-16) that rapidly
diverged from Gi class progenitor(s) [122,123]. The Gα sequences from fungi form three groups (light gray, dark gray, and black), and
the plant Gα sequences are in another group (green). Protist Gα sequences in Dictyostelium (pink diamond) and Trichomonas (pink
circle) are the most divergent. The superfamily of RH domain proteins form distinct clusters; the RGS family is circled and labeled. The
metazoan proteins are named in order of increasing divergence from the RGS Gi/Gq-GAPs (red); Axin (blue); RGS-NEXIN/PX/ACAP
(Nexin, dark cyan); GRK Gq-GAP (yellow), RGS-like (white); and RhoGEF G12-GAP (cyan). Gα-GAPs closely related to the metazoan RGS
proteins are expressed in fungi, plants, and Dictyostelium. Trichomonas expresses a closely related RGS protein whose GAP activity
has not been tested. RGS genes described in this review are listed.
(Figures 1, 3A and 4) [33]. By contrast, the RH domain
of RhoGEF proteins requires an amino-terminal exten-
sion to accelerate GTP hydrolysis on G12 class α sub-
units activated by hormone-bound GPCRs [30,34].
Other RH proteins have weak or no Gα-GAP activity,
although Axin, G-protein-regulated kinase (GRK), and
perhaps RGS proteins have scaffold functions
[28,35–39]. In the presence of so many paralogous
genes, it is significant that some of the same or similar
Gα subunits and RGS GAPs can regulate both inter-
cellular GPCR signaling as well as intracellular RIC-8
pathways (Figure 1).
Juggling GAPs in Gq-Mediated Ca2+ Signaling
Biochemical similarities underlie the distinct functions
of Gα activity in classical GPCR signaling and RIC-8-
promoted asymmetric cell division. We will briefly
discuss Gq regulation of Ca2+ signaling evoked by
GPCR agonists as a model for comparison to RIC-8-
stimulated, Gα-mediated regulation of microtubule
pulling forces. An important feature of RGS action in
GPCR signaling, and probably also of RIC-8-stimu-
lated forces on microtubules, is that RGS proteins
both accelerate the activation phase and limit the
duration of signaling, rather than reduce the amplitude
of maximal signal transduction [38,40,41]. Coordina-
tion of the timing and location of signal activation and
inhibition [42] can initiate Gq-evoked Ca2+ oscillation
or regulate the intensity and duration of RIC-8-depen-
dent posterior centrosome movement.
Intracellular Ca2+ signaling is ubiquitous but Ca2+
can be cytotoxic and is therefore subject to many
regulatory mechanisms. Regulated bursts of Ca2+
release are one means used by metazoans to control
Ca2+ signaling within cellular microdomains [43]. The
cycle of GTP binding and hydrolysis on the Gq α
subunit initiates a complex signaling cascade culmi-
nating in Ca2+ oscillations (Figures 3A and 4).
Dynamic regulation of Gq signaling is proposed to
stimulate local bursts of Ca2+ release from intracellu-
lar stores in response to periodic activation of the
effector protein PLCβ (Figure 4). In the presence of
persistent agonist, oscillations in signal output are
partly accomplished by feedback regulation of the
Gq-GAP activity of the R4 subfamily of RGS (R4-RGS)
proteins [44].
An important aspect of Gq signaling is that the
effector protein PLCβ is a Gq-GAP [45]. Nevertheless,
persistent agonist can stimulate multiple rounds of
GαqGTP–PLCβ interaction and prolonged second mes-
senger production [46]. Why does Gq-stimulated Ca2+
signaling require two Gq-GAPs? The PLCβ Gq-GAP
activity may have two functions: first, it rapidly termi-
nates Gq signaling upon agonist dissociation from the
GPCR; and second, it drives multiple rounds of GPCR-
stimulated GTP binding and PLCβ-catalyzed GTP
hydrolysis [9,46]. This kinetic scaffold, perhaps with
the help of a physical scaffold provided by GRK
and/or an RGS protein [28,38,39], can maintain Gα
and Gβγ in proximity to agonist-bound GPCR, facili-
tating rapid cycling that both stimulates production of
second messengers and provides repeated access for
RGS proteins to their substrate, GαqGTP.
R4-RGS Gq-GAP activity can uncouple agonist-
evoked GTP loading on Gαq from PLCβ activation
[39,44,47]. Whereas PLCβ Gq-GAP activity is constitu-
tive, R4-RGS Gq-GAP activity is regulated by second
messengers of both Gαq- and Gβγ-stimulated effector
proteins [44,48–51]. While Gαq stimulates Ca2+ release,
Gβγ is proposed to stimulate phosphoinositide 3-kinase
γ [52–56], and its second messenger, phosphoinositide
trisphosphate (PIP3), inhibits R4-RGS GAPs [48–51].
Ca2+–calmodulin binding reverses PIP3-mediated inhi-
bition of R4-RGS GAPs [48,50,51]. As the local concen-
tration of intracellular Ca2+ reaches a critical threshold,
activation of the R4-RGS GAP can serve as a precisely
controlled feedback regulator of Gq-coupled Ca2+ sig-
naling [44]. Thus, in the presence of persistent agonist,
sequential phases of coordinated RGS activation and
inhibition can generate local bursts of second messen-
ger production. RGS proteins regulate the initial signals
that culminate in intracellular Ca2+ oscillations (Figure
4). RGS proteins could act analogously on G proteins in
the RIC-8 pathway to limit the duration of active pulling
forces on discrete astral microtubules during mitosis.
Asymmetric Cell Division
The principle of temporal regulation by RGS/G protein
signaling to generate local bursts of activity can be
applied to microtubule-dependent asymmetric cell
division. Proteins that regulate or respond to the cycle
of GαGTP binding and hydrolysis are necessary for
proper asymmetric cell divisions in the C. elegans
zygote, Drosophila neuroblasts and sensory organ
precursor (SOP) cells, and for spindle stability in mam-
malian tissue culture cells [23,57–66].
Gα proteins act downstream of the partitioning-
defective (PAR) proteins, which contribute to a
number of spindle and centrosome anchoring events
[67–69]. During the first zygotic divisions in the C.
elegans embryo, the PAR proteins influence complex
forces acting on microtubules to orient and position
the mitotic spindle with respect to the anterior–poste-
rior axis [67,70–72]. Asymmetry is dependent on the
partitioning of several PAR proteins to either the ante-
rior or the posterior cell cortex (Figure 1A) [71,72].
Although the G-protein machinery is distributed
throughout the cell, RIC-8-activated Gi class α sub-
units stimulate microtubule force generators that
asymmetrically move centrosomes in the later stages
of mitosis [2,3,60,64]. Centrosomes are at the nucle-
ation site of spindle and astral microtubules linking
chromosomes and the cell cortex. Near the end of
mitosis, as chromosomes are pulled to opposite hemi-
spheres of the dividing cell, cytokinesis initiates at the
cell cortex approximately equidistant from the two
centrosomes [73–77]. Therefore, the placement of the
centrosomes during cytokinesis, regulated by RIC-8,
Gi α subunits and RGS proteins, is critically important
for asymmetric cell division.
The anterior and posterior centrosomes behave dif-
ferently during the first cell division in C. elegans
[58,65,67,78,79]. During anaphase, the anterior cen-
trosome appears stationary near the cell center,
whereas the posterior centrosome migrates towards
the posterior cortex with characteristic transverse
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rocking motions above and below the plane of the
anterior–posterior axis. Severing the spindle by laser
microablation revealed that cortical pulling forces on
astral microtubules are greater on the posterior than
the anterior centrosome [67], and this was corrobo-
rated using an alternative technique of optically
induced centrosome disintegration (OICD) [78,80].
Furthermore, OICD showed the force generators were
similar in type but different in number, with about 50%
more at the posterior end [78]. Thus, balanced forces
normally hold the anterior centrosome near the center
of the cell. By contrast, asymmetric activation of G
protein signaling apparently stimulates forces on
astral microtubules that pull the posterior centrosome
towards the posterior cortex of the C. elegans zygote.
RIC-8 Stimulates Gα in Asymmetric Cell Division
Genetic studies have defined many of the key compo-
nents regulating G-protein signaling during the first cell
division of C. elegans embryogenesis and in other cell
types. RIC-8, GPR, and RGS proteins have been identi-
fied as regulators of Gα activity during asymmetric cell
division and the control of microtubule forces (Figure 5).
As in the classical view of G-protein regulation (Figures
3A and 4), GαGDP and GαGTP are the inactive and active
states, respectively. In hormone-stimulated G-protein
Current Biology
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Figure 3. Comparison of GPCR/Gαβγ/RGS and RIC-8/Gα/GPR/RGS pathways.
(A) GPCR/RGS-catalyzed GαGTP binding and hydrolysis. Hormone binding to GPCRs promotes the exchange of GDP for GTP on the Gα
subunit. In the presence of low levels of second messenger, as occurs when hormone first activates GPCR signaling, RGS proteins are
relatively inactive. Thus, GαGTP and Gβγ subunit dissociation is followed by effector interaction, and the activation of downstream sig-
naling pathways, causing an increase in second messenger (pathways 3 and 4). Intrinsic GTPase activity of Gα hydrolyzes GTP, restores
heterotrimeric GαGDPβγ, and the cycle is poised for another round of signaling. The effector protein PLCβ is a Gq-GAP that accelerates
GTP hydrolysis about 1000-fold above the intrinsic rate (pathway 2). Persistent agonist generates multiple rounds of GTP binding and
continued production of second messengers [9,46]. High local concentrations of second messenger levels can stimulate RGS GAP activ-
ity in which receptor activation is followed by subunit dissociation, and the GAP activity of RGS accelerates GTP hydrolysis (about 2000-
fold above the intrinsic rate [124]) before effector interaction can take place (pathway 1). Thick lines represent fast steps in the reaction
cycle, thin lines represent slow steps, dotted lines represent Gβγ interactions whose duration depends on the rate of GαGTP hydrolysis.
In the continued presence of hormone agonist, multiple rounds of RGS-catalyzed GαGTP hydrolysis can uncouple hormone binding from
effector protein activation, thereby terminating signaling [39]. Repeated switching between pathways 1 and 2 can initiate oscillations in
the production of second messengers, as observed in Ca2+ oscillations evoked by Gq-coupled agonists ([44]; see Figure 4). (B) RIC-
8/GPR/RGS catalyzed GαGTP binding and hydrolysis. RIC-8 promotes the exchange of GDP for GTP on the Gα subunit. GαGDP binds
GPR motifs on GPR proteins. LIN-5 colocalizes with GPR1/2 and GOA-1 in C. elegans zygotes. NuMA is proposed to be a LIN-5 homolog
in mammalian cells. Ric-8A promotes guanine nucleotide exchange in the presence of LGN (a mammalian GPR) and NuMA [84]. Poten-
tial intracellular regulators of RIC-8 GEF activity have not yet been identified. By analogy to the GPCR-stimulated cycle of GαGTP binding
and hydrolysis (Figure 3A), we propose GαGTP (GOA-1 and GPA-16), GPR(1/2), and LIN-5 (or NuMA in mammalian cells) dissociate and
activate one or more effector proteins (pathways 2–4). Intrinsic GTPase activity of Gα hydrolyzes GTP to restore heterotrimeric
GαGDP–GPR–LIN5, and the cycle is poised for another round of signaling. Thick lines represent fast steps in the reaction cycle, thin lines
represent slow steps, dotted lines represent hypothetical GPR and LIN-5/NuMA interactions whose duration depends on the rate of
GαGTP hydrolysis. In mammalian cells, NuMA can bind microtubules (MT) when released from GPR proteins and stimulate spindle move-
ment (pathway 4). In C. elegans, RGS-7 accelerates GTP hydrolysis to terminate signaling (pathway 1) but it is not clear whether this
occurs after, or in place of, GαGTP interaction with effector protein. Regulation of the RIC-8 GEF and/or RGS-7 GAP could coordinate
pulling forces on astral microtubules above or below the plane of the anterior–posterior axis to modulate posterior centrosome move-
ments during asymmetric cell division in the C. elegans zygote (see Figure 5).
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signaling, GPCRs function as GEFs, whereas spindle
pole movement appears to be independent of extracel-
lular signals. Rather, GEF activity is supplied by RIC-8.
In C. elegans, RIC-8-dependent G-protein signaling
becomes apparent at the onset of anaphase in the first
zygotic division [7]. Several laboratories agree that
knockdown of ric-8 expression by RNA interference
(RNAi) blocks migration of the posterior centrosome,
resulting in symmetrical division of the zygote, and ulti-
mately death by the first larval stage [2,3,57]. Essen-
tially the same result is obtained when two zygotically
expressed Gi class α subunits, GOA-1 and GPA-16, are
ablated [7,58,62]. Both GOA-1 and GPA-16 appear to
be activated by RIC-8 [2,3,57]. The involvement of
GOA-1 is interesting because this Gα subunit is widely
expressed throughout the worm and is required for
GPCR-dependent neurotransmitter signaling, which
controls locomotion and egg laying [10–12]. Thus, the
same Gα subunit interacts with two unrelated GEFs to
accomplish distinct cellular functions (see GOA-1 in
Figure 1A,B). Whereas agonist binding promotes
GPCR GEF activity, the potential intracellular signals
that might regulate RIC-8 have yet to be identified.
Cell-cycle checkpoint controls on chromosome align-
ment during metaphase and tensile forces affecting
dynamic stability of microtubules are interesting can-
didate regulators of RIC-8 during cell division.
GPR Is a Gα-GDI
The GDI in GPCR signaling is Gβγ, whereas in RIC-8-
dependent asymmetric cell division events this func-
tion appears to be served by G-protein regulator (GPR)
Review
R848
Figure 4. A model for the initiation of [Ca2+]i oscillations by RGS proteins. 
The central panel depicts [Ca2+]i oscillations recorded from an acinar cell stimulated with 50 pM cholecystokinin with R representing
the resting state and numbers (1–4) identifying the state of the Gq-signaling complex during a Ca2+ spike [44]. In the resting state (R),
GαGDPβγ and RGS proteins are inactive. In step 1, agonist binding to the GPCR promotes GTP binding and release of GαqGTP and Gβγ
to activate their respective effector proteins, PLCβ and PI 3-kinase. PLCβ catalyzes IP3 production and Ca2+ release from internal
stores in the endoplasmic reticulum (ER). PLCβ is a Gq-GAP, but signaling continues in the presence of persistent agonist. PLCβ Gq-
GAP activity stimulates many rounds of GTP binding and hydrolysis, thus allowing the RGS protein repeated opportunities to access
its GαGTP substrate. In step 2, as [Ca2+]i reaches a critical threshold, Ca2+–calmodulin (CaM) binding to RGS proteins initiates RGS
GAP activity. During step 3, RGS Gq-GAP activity uncouples agonist-stimulated GTP binding to Gαq from PLCβ activation. The hys-
teresis effect of Ca2+ binding to calmodulin (CaM) prolongs RGS Gq-GAP activity, even as [Ca2+]i declines during the transition from
step 3 to step 4. This long phase controls the delay between bursts of IP3 production and Ca2+ release from internal stores and influ-
ences the frequency of [Ca2+]i oscillations (period indicated by a thick bar). When Ca2+ dissociates from CaM, RGS GAP is inhibited
by a high local concentration of PIP3 resulting from Gβγ stimulation of PI 3-kinase. Inhibition of RGS GAP is necessary to initiate
another round of Ca2+ release. In the continuous presence of agonist, step 4 undergoes transition to step 1 to start the next [Ca2+]i
spike. Transition of step 4 to the resting state requires agonist dissociation from the GPCR.
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proteins. Although Gβγ appears in several recent
models of RIC-8-mediated G-protein activation in C.
elegans and Drosophila [2,59,81,82], there are several
reasons to rule out a role for Gβγ as a GDI in this
pathway. First, Gβγ deficiency initially affects spindle
rotation in prophase, whereas RIC-8 stimulates sepa-
ration of the centrosomes just prior to and during the
metaphase–anaphase transition [2,83]. Secondly, rele-
vant to RIC-8 action during synaptic vesicle priming,
mammalian Ric-8A GEF activity is inhibited by Gβγ,
presumably because Ric-8A is denied access to its
GαqGDP substrate [5]. Thirdly, relevant to asymmetric
cell division, Ric-8A stimulates GTPγS binding to Gαi1
in a preformed complex with either of the mammalian
GPR(GoLoco)-domain proteins LGN or AGS-3short [84].
However, the analogous experiment with a preformed
complex of myristoylated GαiGDPβγ has not been done.
Nevertheless, GαGDP binds to Gβγ with greater affinity
than to GPR [85,86], and no mechanism to transfer
GαGDP from Gβγ to GPR using intact proteins at physi-
ological concentrations has been identified. This pre-
dicts that nascent GαGDP, newly translated in the C.
elegans oocytes or zygote, can heterodimerize with
GPR without first interacting with Gβγ. Finally, seques-
tration of Gβγ by expression of the carboxy-terminal
tail of GRK2 had no effect on centrosome movement in
mammalian cells [23]. Although Gβγ depletion exag-
gerates nuclear and spindle movements in the C.
elegans zygote [65], this could result from releasing
some Gα normally sequestered by Gβγ for other pur-
poses. Indeed, the phenotypes of Gβγ deficiency are
suppressed by Gα depletion [2,83]. Therefore, we
support a model that omits Gβγ from RIC-8-mediated
G-protein activation (Figures 3B and 5) [87]. Instead,
GPR proteins appear to serve as the Gα-GDI that reg-
ulates centrosome displacement during anaphase.
GPR proteins expressed in animals have one or
more GPR(GoLoco) domains that are 19 amino acids
in length and bind Gi class α subunits in the GDP-
bound state [60,88–92]. RNAi knockdown studies in C.
elegans showed that GPR proteins were required for
spindle elongation and centrosome movement, which
is consistent with the interpretation that GPR, Gα, and
RIC-8 act within a common pathway to stimulate
microtubule force generators [60,93]. It is difficult to
ascribe a specific function for GPR proteins based
solely on these results. GPR proteins could directly
activate effector proteins, help localize a microtubule
force generator, or influence RIC-8-mediated GαGTP
production, and thereby inhibit centrosome move-
ment. Interestingly, cortical localization of GPR is
reduced in the absence of ric-8 [2,57]. Because RIC-8
catalyzes formation of GαGTP, whereas GPR binds
GαGDP, it is hypothesized that a cycle of GTP binding
and hydrolysis promotes GPR asymmetry.
The GPR domain was originally thought to inhibit
RIC-8-mediated GDP/GTP exchange on GOA-1, but
these experiments used a vast excess of a 39 amino
acid peptide containing residues 423–461 of the GPR-
1/2 GoLoco motif [2]. Recently, Tall and Gilman [84]
showed that mammalian Ric-8A stimulated nucleotide
exchange approximately 10-fold on myristoylated-
Gαi1 in complex with either a full-length GPR protein
(LGN) or a truncated LGN protein containing the GPR
domains. Thus, GPR domain proteins can both act as
GDIs and also support RIC8-mediated nucleotide
exchange, in a manner analogous to Gβγ activity in
GPCR-mediated signaling. To carry the Gβγ analogy
further, free GPR proteins released from Gα could also
regulate effector proteins and/or dynamic stability of
microtubules.
NuMA as an Effector
A key finding recently published by Du and Macara [23]
shows that binding of the nuclear mitotic apparatus
protein (NuMA) to the mammalian GPR homolog LGN is
required for normal spindle movement. NuMA is a
mammalian coiled-coil protein required for spindle pole
organization [23,94]. NuMA binds to microtubules and
the microtubule motor proteins dynein and dynactin
[95–97] and is proposed to be a functional ortholog of
C. elegans LIN-5 [23]. LIN-5 is uniformly distributed on
the cell cortex and, at the posterior cortex, LIN-5 co-
localizes with GPR and Gα and is required for asym-
metric zygotic division [3,60,62,83,93]. NuMA also binds
the mammalian homolog of the Drosophila GPR protein
Pins, which is required for asymmetric divisions in
Drosophila neuroblasts [61,98,99].
In mammalian cells, LGN-dependent localization of
NuMA is critical for spindle rotation. NuMA resides in the
nucleus during interphase but is released to bind LGN
upon nuclear membrane breakdown during prophase
[23]. NuMA binding to TPR repeats at the amino termi-
nus of LGN disrupts self-association between the LGN
amino and carboxyl termini, thus freeing the carboxy-
terminal GPR domains. In vitro, Gαi1GDP binds the LGN
GPR domains [84]. In cells, Gαi recruits the LGN–NuMA
complex to the cell cortex, and this localization requires
both Gαi myristoylation and Gαi binding to the GPR
domains of LGN [23]. Thus, LGN action is proposed to
involve a conformational switch that helps translocate
NuMA to the cortex, and once there, between GαGDP
and the microtubule force generator.
NuMA and LGN are both required for spindle oscil-
lations. Interestingly, LGN (presumably when bound to
Gαi1GDP) blocks the ability of NuMA to bind and stabi-
lize microtubules [94]. Du and Macara [23] propose
that NuMA may shuttle between the LGN–GαiGDP
complex and microtubule-binding proteins at the cell
cortex to stimulate spindle movement. Importantly,
Tall and Gilman [84] showed that Ric-8A acts on a pre-
formed complex of Gαi1GDP, full-length LGN and
NuMA to stimulate GDP/GTP nucleotide exchange
and dissociate the complex. Thus, Ric-8A could liber-
ate NuMA, LGN, and/or Gαi1GTP to stimulate micro-
tubule force generators.
RGS Gα-GAP Completes the Cycle
A second key finding shows that the RGS protein
RGS-7 is required to negatively regulate posterior cen-
trosome movement in the C. elegans zygote [3]. RGS-
7 is a GAP for GOA-1 and GPA-16, and stimulates
GOA-1 GTP hydrolysis in single turnover assays [3].
Two distinct alleles of RGS-7 with truncated RGS
domains cause exaggerated transverse oscillations of
the posterior centrosome, displacement of the spindle
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Figure 5. RIC-8, GPR and RGS proteins may regulate LIN-5(NuMA)-dependent activation of the microtubule force generator. 
RIC-8 GEF activity is postulated to promote GTP binding and dissociation of Gαi/oGTP, GPR, and LIN-5 (NuMA) at the cell cortex. LIN-5
might be released to bind astral microtubules, regulating their attachment to dynein or a cortical attachment factor to stimulate the micro-
tubule force generator. Free GαiGTP and/or GPR could regulate effector proteins that modulate LIN-5 activity and/or promote dynamic
stability of microtubules. The RGS GAP accelerates GTP hydrolysis and formation of the inactive Gαi/oGDP–GPR–LIN-5 complex. It is pos-
sible that this later complex has a destabilizing effect on microtubules. Each cycle of GTP binding and hydrolysis would pull the centro-
some towards the active area of the cortex. Greater numbers of active motors above or below the anterior–posterior axis would exert
upward or downward force, respectively, in a stepwise progression of the centrosome towards the posterior cortex. Each step in the
model is identified on the migration trace of the posterior centrosome in a wild-type C. elegans zygote; P labels the posterior tip (trace
from Figure 3B in [3]). Transverse rocking of the posterior centrosome resulting from changes in the numbers or attachment rates of force
generators may be modulated by the subcellular location of the highest ratio of active RIC-8 GEF (and/or inactive RGS-7 GAP) along the
posterior cortex. MT, astral microtubules connecting the posterior cell cortex to centrosomes, spindle microtubules and chromosomes;
(+) and (–) ends of astral microtubules; thick arrow, microtubule pulling force stimulated by LIN-5. The transitions from resting to pulling
on MT (+) ends and back to resting are promoted by RIC-8 GEF and RGS-7 GAP activity, respectively.
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towards the posterior, and formation of an unusually
small posterior cell.
These phenotypes in rgs-7-deficient zygotes could
be provoked by enhanced pulling forces on posterior
astral microtubules and/or reduced anterior pulling
forces. This issue was addressed by measuring cen-
trosome movement after laser ablation of the spindle
microtubules in wild-type and rgs-7-deficient zygotes.
rgs-7 depletion had little effect on posterior centro-
some movement. The favored interpretation is that
RGS-7 has no role in posterior pulling [3], but spindle
severing apparently saturates posterior pulling, so the
absence of RGS-7 GAP activity might not be detected.
rgs-7 depletion reduced anterior centrosome move-
ment, but not as much as depletion of gpr-1/2 or Gα
[93]. Hess et al. [3] suggested that RGS-7 could be a
G-protein effector that generates limited force. Alter-
natively, noting that anterior pulling is relatively weak
[67,78], it may be more reliant on kinetic and/or phys-
ical scaffolding properties of RGS proteins (first rec-
ognized in GPCR signaling [38,41]) to counterbalance
LIN-5-dependent posterior pulling. A further compli-
cation is that RGS-7 can also oppose anterior pulling
(perhaps via its GAP activity), because deficiency of
both rgs-7 and lin-5 unexpectedly caused increased
anterior pole migration (see Figure 5E in reference [3]).
OICD might be a useful companion to spindle sever-
ing in further characterizing the subtleties of micro-
tubule force generators in wild-type and mutant
zygotes expressing GTPase-deficient Gα subunits
localized to either the anterior or posterior cortex.
The rgs-7 knockdown phenotype — exaggerated
movement of the posterior centrosome with an intact
spindle — is consistent with free GαGTP, GPR and/or
LIN-5 stimulating the posterior force generator (Figure
5). Interestingly, RNAi knockdown of rgs-7 and let-99
have similar Gα- and RIC-8-dependent phenotypes
[3,57,83], suggesting that they may promote the same
activity on this pathway. It was noted that LET-99 has
a domain (DEP domain) of uncertain function found in
several signaling proteins. Analogous to metazoan
RGS proteins of the R7 subfamily, whose DEP domain
is required for membrane localization, this domain
may help to position C. elegans RGS-7 together with
Gα near the plus end of the microtubule at the poste-
rior cortex [3,100,101].
Hyperactivation of posterior centrosome motility in
the absence of RGS-7 requires Gα, GPR1/2, and RIC-
8 [3]. These results support models in which GαGTP
and GPR dissociate, releasing LIN-5 (NuMA) to acti-
vate effector protein(s) that stimulate the microtubule
force generator (Figures 3B and 5) [23]. In the absence
of RGS-7 GAP activity, the GαGTP state would persist
and therefore intensify pulling and the resultant trans-
verse oscillations of the posterior centrosome. Force
is applied to numerous polar and astral microtubules
to move centrosomes during anaphase, which pro-
motes formation of the cleavage furrow at the proper
location on the cell cortex. RGS proteins are presum-
ably important to accelerate the hydrolysis phase of
the GTP cycle and reduce the duration of pulling at a
given site. Modeling shows that spindle oscillations
will occur spontaneously, given the necessary number
of microtubule motors [102]. RIC-8 and RGS-7 may
coordinate pulling forces around the posterior cortex
to achieve appropriate and balanced displacement of
the posterior centrosome without exaggerated move-
ments that misplace the cleavage plane and incor-
rectly allocate contents to the nascent daughter cells.
The mechanism for how LIN-5 (NuMA) moves
between LGN (Pins/GPR) and microtubules during the
cycle of GαGTP binding and hydrolysis is unknown. We
hypothesize that free GαGTP and/or GPR proteins might
activate other effectors that regulate or localize LIN-5
(NuMA) to control the microtubule force generator.
Repetition of the RIC-8/RGS-7-catalyzed cycle of
GαGTP binding and hydrolysis could provoke motor pro-
teins, such as dynein, to ratchet along individual micro-
tubules (Figure 5). Regulation of RIC-8 and RGS-7 could
coordinate pulling forces on multiple microtubules that
move the posterior centrosome with its characteristic
transverse rocking motion. Changes in RIC-8 and/or
RGS-7 activity would be most pronounced just before
and just after the posterior centrosome changes direc-
tion (Figure 5, steps 3 and 5 on the trace). Another pos-
sibility to consider is that the RIC-8 pathway could
regulate the dynamic stability of astral microtubules in
a given area of the cortex, thereby removing rigid con-
straints on spindle movement.
Microtubule Catastrophe without Mammalian Rgs14
The mammalian RGS proteins Rgs12 and Rgs14 have
both an RGS domain, with Gi/o-GAP activity, and a
GPR domain that binds GαiGDP [103–107]. Like other
RGS proteins, Rgs12 and Rgs14 inhibit Gα signaling
evoked by GPCR agonists in transfected tissue
culture cells [103,106]. One hypothesis is that the RGS
domain accelerates GTP hydrolysis, allowing the GPR
domain to bind and sequester GαGDP, resulting in per-
sistent Gβγ–effector interactions [106,108]. This mech-
anism has yet to be tested in mice because
characterization of the Rgs14 knockout mouse
revealed early lethality and a surprising role in micro-
tubule stability.
Mouse Rgs14 is expressed immediately prior to the
first mitotic division, apparently one of the first zygotic
genes to be expressed, and long before Rgs12 [109].
Homozygous deletion of Rgs14 causes cytofragmen-
tation and arrest prior to the two-cell stage. Amaz-
ingly, about half of the one-cell embryos analyzed had
misaligned chromatin without detectable micro-
tubules. Consistent with these results, Rgs14 colocal-
izes with microtubules and centrosomes in cells, and
RNAi ablation of Rgs14 in HeLa cells destroys micro-
tubules [109–111]. Given these dramatic results, it is
curious that rgs-7 deficiency in the C. elegans zygote
does not cause a similar microtubule catastrophe.
Perhaps the combined loss of the GPR and RGS
domains in mouse Rgs14 disrupts protein interactions
or dynamics that stabilize microtubules. Microtubule
polymerization in vitro is promoted by Rgs14, Gαi1GTP
and microtubule-associated proteins but not when
Gαi1GTP is replaced by Gαi1GDP [110]. A cycle of GTP
binding and hydrolysis may regulate both dynamic
stability and pulling forces on microtubules, and it will
be interesting to directly test these notions in vitro.
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Microtubule catastrophe may occur during mitosis
in mouse zygotes deficient in Rgs14 because this may
be the time that Rgs14 protein normally becomes
available. Rgs14 is nuclear during interphase, and
then localizes to the mitotic spindle and centrioles
during mitosis. Thus, the function of Rgs14 might be
inferred from the time in the cell cycle that micro-
tubules disassemble in the absence of Rgs14. Similar
cell-cycle analysis could provide insights into the
function of Rgs12 and other GPR proteins, Ric-8,
NuMA, and their effector targets regulating spindle
and astral microtubule stability and force generators.
Future Directions: Signals and Proteins Controlling
the Microtubule Force Generators
Microtubule stability and dynein localization and activ-
ity in response to RIC-8-mediated Gα signaling will be
major areas of future research. Dynein is a micro-
tubule motor protein implicated in vesicular trafficking,
cell motility, chromosome segregation and cytokine-
sis during cell division, and many other aspects of the
daily grind in the life of a eukaryotic cell. Other impor-
tant areas of research are to determine whether RGS
and GPR proteins regulate synaptic vesicle priming,
cell division, and aspects of cell migration in verte-
brates, identify and characterize additional GαGTP-
and GPR-binding proteins, and determine whether
RIC-8 GEF activity is inhibited by pertussis toxin or
regulated by intracellular signals. The fascinating
observations revealed by abnormalities in asymmetric
cell division and synaptic vesicle priming herald a rev-
olution in our thinking about large G protein α subunits
and RGS proteins.
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